A previous mutational analysis of erabutoxin a (Ea), a curaremimetic toxin from sea snake venom, showed that the substitutions S8G and S8T caused, respectively, 176-fold and 780-fold affinity decreases for the nicotinic acetylcholine receptor (AchR). In view of the fact that the side-chain of Ser8 is buried in the wild-type toxin, we wondered whether these affinity changes reflect a direct binding contribution of S8 to the receptor and/or conformational changes that could have occurred in Ea as a result of the introduced mutations. To approach this question, we solved X-ray structures of the two mutants S8G and S8T at high resolution (0.18 nm and 0.17 nm, with R factors of 18.0% and 17.9%, respectively). The data show that none of the mutations significantly modified the toxin structure. Even within the site where the toxin binds to the receptor the backbone conformation remained unchanged. Therefore, the low affinities of the mutants S8T and S8G cannot be explained by a large conformational change of the toxin structure. Although we cannot exclude the possibility that undetectable structural changes have occurred in the toxin mutants, our data support the view that, although buried between loop I and II, S8 is part of the functional epitope of the toxin.
Mutational analyses are widely used to identify the functional surfaces of proteins and to determine the contribution of interacting residues to the energetic stabilization of protein± protein complexes [1, 2] . In most cases, it is assumed that the introduced mutations have little, if any, effect on the protein conformation, leading authors to conclude that affinity decreases occurring as a result of mutations are likely to reflect a direct contribution of the mutated residue to protein interaction [3] . In general, this conclusion appears to be correct, especially when it is supported by crystallographic data that indicate that the mutated residue establishes contacts with the interacting partner [3, 4] . However, the situation may be more complex, as some mutations cause affinity decreases even though the mutated residue is not in the region contacting the receptor [4] . Therefore, in the absence of information regarding the three-dimensional structure of a protein±protein complex, the effect of some mutations should be considered with caution, the introduced mutation causing possibly local or even more global conformational changes in the protein. One way to tentatively clarify a doubtful case consists of elucidating the three-dimensional structure of the mutant and comparing it with that of the wild-type protein. This situation has been met with mutations introduced at position 8 of erabutoxin a (Ea), a snake curaremimetic toxin, the functional site of which has been identified on the basis of extensive mutational analyses [5, 6] .
Ea is a small protein of 62 amino acids that belongs to the family of short-chain curaremimetic toxins [7] , which bind to the nicotinic acetylcholine receptor (AchR) from Torpedo marmorata with high affinity (K d = 70 pm) and great specificity. The three-dimensional structure of Ea ( Fig. 1 ) was elucidated by X-ray crystallography [8] , revealing that its backbone is folded into three adjacent loops, rich in b-pleated sheet emerging from a small globular core that contains the four disulfide bridges of the toxin. The other members of the family of snake short-chain toxins adopt the same overall architecture [9±13] . With the view to identify the functional site of Ea, its cDNA has been previously cloned and expressed in Escherichia coli as a fusion protein [14] , which was then cleaved [15] . The resulting recombinant toxin was indistinguishable from the snake toxin regarding both its biological activity [15] and its three-dimensional structure [16] . Using this expression system, a large panel of Ea mutants has been produced and used to identify the residues by which the toxin binds to both AchR [5, 6] and an AchR-mimicking antibody [17] . Affinity decreases larger than 10-fold were observed when at least one type of mutation was introduced at Q7, S8, Q10, K27, W29, D31, R33, E38 and K47. Furthermore, a substantial affinity increase was observed upon mutation of I36 into arginine [6] . These 10 mutation-sensitive positions offered a plausible homogeneous surface by which Ea may interact with AchR. Of these, however, the case of Ser8 could not be interpreted as easily as the others, for the following reasons. First, the side-chain of Ser8 is partially buried in a small groove formed between loops I and II. Second, its side-chain lies approximately within the plane of the b-sheet and is therefore oriented differently, as q FEBS 2000 compared to those of other functional residues whose sidechains point in a direction approximately perpendicular to the plane of the b-sheet, toward the convex face of the toxin. Third, although the presence of Ser/Thr in homologous proteins is often considered as conservative substitution, it was striking that the S8T mutation caused the largest affinity decrease ever observed during the extensive mutational analysis of Ea [6] . Finally, preliminary data based on circular dichroism analysis of the S8G mutant suggested the possibility of slight changes in toxin secondary structure [5] . Therefore, it was anticipated that S8 could play a structural role, possibly stabilizing an appropriate proximity between loops I and II of the toxin, which both contain functionally critical residues.
In the present work we will compare the two crystal structures of mutants EaS8G and EaS8T to the threedimensional structure of native Ea [8] and discuss the results in the frame of the implication of residue S8 in the stabilization of the toxin±AchR complex.
M A T E R I A L S A N D M E T H O D S
Production, purification and characterization of the mutants Recombinant Ea S8G and S8T mutants were expressed in bacterial host E. coli and purified as previously described [5, 6, 9] . Amino-acid analysis, sequencing and isoelectric focusing of the mutants were performed. The molar absorbance value at 278 nm was determined by measuring the absorbance at this wavelength of a given solution of mutant and the corresponding protein concentration as determined by amino acid analysis
Dichroic spectra
Each sample was dissolved in water, and acidic or alkaline pH were obtained by addition of HCl or NH 4 OH. Dichroic spectra were recorded at 22 8C using a CD6 Jobin Yvon dichrograph. The CD of each sample was measured in 0.02 cm length cells from 280±180 nm, with a total absorbance less than 1.0 to ensure sufficient light transmission. The data were collected using an on-line PC computer and at least 10 spectra for each sample were averaged and corrected by subtraction of solvent spectra.
Crystallization of mutants
The crystallization experiments were performed at 18 8C using vapor diffusion in Linbro tissue culture plates. It has been shown that depending on the nature of a given salt, the solubility and crystallization properties are profoundly affected [18] . For this reason and because Ea and Ea mutants are basic proteins (pI = 9.68), reverse Hofmeister series were tested. For both mutants, hanging drops of 4 mL (2 mL of 7 mm toxin solution in water and 2 mL of the reservoir solution) were equilibrated against 1 mL reservoir containing the crystallizing agent in a buffer.
Ea S8G. Four different reservoir solutions lead to crystals: 50 mm NaOAc pH 4.5 in 250 mm NaSCN; 50 mm NaOAc pH 4.5 in 3 m NaCl; 11 mm Tris/HCl pH 9.4 in 300 mm Na 2 SO 4 ; 11 mm Tris/HCl pH 9.4 in 1 m (NH 4 ) 2 SO 4 . The best crystals were obtained using NaCl as crystallizing agent. They belong to the P2 1 2 1 2 1 space group with unit cell parameters a = 4.95 nm, b = 4.64 nm, c = 2.17 nm and one molecule per asymmetric unit. They are isomorphous with wild-type Ea (PDB entry 5ebx) and Eb (PDB entry 3ebx) previously published [8, 9] .
Ea S8T. Only one condition led to crystalization: a hanging drop was equilibrated against a reservoir containing 210 mm NaSCN in 50 mm NaOAc buffer (pH 4.5). After one week, NaSCN concentration of the reservoir was gradually increased by 10 mm until reaching 320 mm at which concentration crystals appeared. They belong to the P2 1 2 1 2 1 space group with unit cell parameters a = 5.54 nm, b = 5.30 nm, c = 4.05 nm and two molecules per asymmetric unit. They are isomorphous with wild-type Eb crystallized in similar conditions (PDB entry 6ebx) [19] .
Diffraction data collection and processing
Data of Ea S8T and Ea S8G were collected on W32 synchrotron beam line [20] at LURE, Orsay (France) at a wavelength of l = 0.0901 nm, using a Mar-research image plate detector. In both cases, the crystal to film distance was 160 mm and one crystal of each mutant was sufficient to collect complete data sets. Details of data collections are shown in Table 1 . X-ray data were processed with mosflm software [21] and reduced using rotavata and agrovata programs from the ccp4 suite [22] . Table 2 shows the final structure refinement statistics.
Structure refinement
Ea S8G. The orientation and location of the Ea S8G mutant molecule were checked by rigid-body refinement at 0.3 nm resolution, using coordinates from the recombinant Ea structure [16]. Refinement was done using the xplor program [23] . After a first set of refinement and a step by step increase of resolution to 0.22 nm, a difference Fourier map showed without ambiguity the S8G mutation (R-factor 29.2%, R free 41.1% [24] ). The refinement was extended to 0.20 nm with overall B-factor refinement. A simulated annealing procedure (2000±3008K) was applied, and finally individual atomic B-factors were introduced and refined (R-factor 25.4%, R free 32.4%). 61 water molecules were added using the restraint ARP procedure [25] (R-factor 18.3%, R free 23.6%). All data were used for the final refinement cycle (final R-factor 18.0%, = 1.0±0.18 nm, F . 2s).
Ea S8T. Refinement was started by molecular replacement [26] and rigid-body procedures using the Ea S8G structure [= 1±0.3 nm, R-factor 42.4%, R free 41.4% (10% of data)]. The two molecules of the asymmetric unit were refined independently by energy minimization, slow cooling procedure and overall B-factor refinement (= 1±0.2 nm, R-factor 25.4%, R free 31.0%). At this step, a Fourier difference map showed in the Gly8 vicinity of each molecule of the asymmetric unit an electronic density corresponding to a threonine with a well defined orientation. After substituting a threonine at position 8, the refinement was extended to 0.19 nm with individual atomic B-factor refinement. A restraint ARP procedure [25] was used to introduce 118 water molecules, three of which proved to be thiocyanate ions defined by a well shaped electronic density in the 2Fo-Fc map (= 1±0.16 nm, R-factor. 20.0%, R free 22.0%); one of them has already been described in the isomorphous structure of Eb (6ebx) [19] . Six alternative side-chain conformations were next introduced, before the final cycle of refinement using the complete data set (final R-factor 17.9%, = 1±0.17 nm, F . 2 s).
The structures of Ea S8G and Ea S8T were determined at high resolution, with a good geometry according to the analysis parameters calculated with procheck v3.0 algorithm [27] . Estimation of main error on the coordinates from a sa plot [28] gives 0.011 nm for Ea S8G and 0.022 nm for Ea S8T.
R E S U L T S
Measurement of far UV dichroism of Ea S8G and Ea S8T Spectra obtained for Ea S8G and Ea S8T at pH 4.5 display a negative trough at 215 nm and a positive band at 197 nm indicating that the overall secondary structure of proteins is predominantly organized into b structure. The positive band at 228 nm reflects the contribution of the aromatic residues Thr25 and Trp29 [29] . They are similar to Ea and Eb spectra (Fig. 2) , suggesting that the secondary structure of the toxin is not affected by S8 mutations. The variation of molar ellipticity at 228 nm as a function of pH for Ea mutants shows that denaturation of toxins occurs between pH 3.4 and 2.3 (data not shown), in agreement with previous CD spectra [30] and NMR data for Eb [31] .
X-ray structures of Ea S8G and Ea S8T
In order to estimate the effect of the mutations on the secondary structure of the protein, we have calculated the rmsd of backbone positions for all available X-ray structures of erabutoxin (Table 4 ). Both mutants have structures very close to wild-type Ea and Eb, but as shown in Table 3 nonisomorphous structures have higher rmsds than isomorphous ones. It is worth mentioning that the H26N mutation, which distinguishes Ea from Eb, has no effect on the overall protein conformation [8] . Consequently, in order to discriminate between the effects of point mutation of the toxin and packing, we have compared each mutant with the isomorphous wild-type Ea or Eb structure.
Ea S8G. The Ea S8G backbone deviates by more than one rmsd from the isomorphous wild-type Eb (3ebx) structure at positions 9±10 (loop I), 32±33 (loop II) and 44±51 (loop III), and from the isomorphous wild-type Ea (5ebx) structure, at positions 8±12, 32±36, 45±52. The profile of averaged Bfactors per residues are similar for Ea S8G and wild-type Ea or Eb crystallized with one molecule per asymmetric unit, and are not affected by the S8G mutation. In the three structures, residues with the highest B-factors are located on the third loop.
However, the S8G mutation results in a modification of the backbone conformation of residue 8 from f = 38^48, c = ± 105^58 in the wild types (averaged on all crystallographic models of Ea and Eb) to f = 508, c = ±1338. The S8G mutation modifies the orientation of residues 8±11, which are slightly displaced by less than 0.1 nm toward the convex face of the protein as compared with the isomorphous Eb (3ebx) and Ea (5ebx) structures. Ea S8T. Comparisons are made with the isomorphous Eb (6ebx) crystallized with two molecules in the asymmetric unit. Differences higher than one rmsd are observed in two regions: (a) the extremity of loop II, which forms a type I b turn in both molecules of Ea S8T, as in the nonisomorphous structures of Eb and Ea. This conformation differs from the nonconventional turn observed in the isomorphous 6ebx structure, which displays highest B-factors in this region. (b) The turn 18±21 of molecule A which has been rebuilt in the electron density as a b-turn conformation close to type I.
D I S C U S S I O N
The high resolution X-ray structures of the two mutants S8T and S8G helped us to better understand the role of Ser8 in the function of Ea. As already mentioned, the two mutations decreased the Ea±nAchR affinity by 176 and 780-fold, respectively, although it was not clear why this occurs. Previous structural studies on the native toxin showed that Ser8 is located at position i + 2 of a b turn of type II H where a glycine is generally expected [32] . Its conformation is not in the favorable areas of the Ramachandran diagram [33] . Also, Ser8 is partly buried in a valley between loops I and II and lies on the flank of the convex face, whereas most residues that interact with AchR point toward the same direction, roughly perpendicular to the sheet.
Structure of loop I from native and point mutated Ea
In the native Ea structure, residues 7±10 form a b-II H type turn, stabilized by an internal hydrogen bond between the Gln7 carbonyl oxygen atom and the Gln10 nitrogen atom. The partially buried Arg39 conserved in loop II of all short chain curaremimetic toxins interacts with the carbonyl oxygen atoms of His6, Asn61 and the C terminus (Fig. 3A) . These interactions are present in other snake toxins such as fasciculin [34, 35] and cardiotoxin [36] , where they maintain the position of the C terminus and its relative orientation to loop II and the core of the protein. In Ea and in other homologous short chain toxins, Arg39 constrains the turn of loop I into a b-II H type conformation through a strong electrostatic interaction with the Ser8 carbonyl oxygen atom, despite a steric clash between C b 8 and N9 as shown by the short associated distance (d = 0.27^0.01 nm). Thus, the hydroxyl of Ser8 is oriented toward the second loop, being hydrogen bonded to the Ile37 nitrogen.
Irrespective of the nature of the introduced mutation (S8G or S8T), a b-turn type II H remains present between residues 7 and 10, at the tip of loop I. The main structural consequence of the S8G mutation (Fig. 3B) is the stabilization of the b-II H type turn conformation due to the abolition of the short contact between C û 8 and N9. Despite the absence of a hydrogen bond between O g Ser8 in loop I and N37 in the second loop, the relative position of the two loops is not modified. In the mutant S8T, the hydroxyl group of the threonine plays a comparable stabilizing role with N37, as compared to what is seen in the wild-type toxin (Fig. 3C) . Therefore, the two mutations neither affected the type of turn at the tip of loop I nor the relative positions of the two loops, invalidating a major structural role of serine 8 in the local spatial organization.
Implications for AchR binding
It was previously shown that Ser8 is part of a homogeneous surface composed of several residues functionally important for toxin binding to AchR [6] . Here we show that the mutation (S8T) that caused the largest of all affinity decreases [36] is not associated with a large conformational change. Therefore, our data suggest that the affinity decreases that take place upon mutations at position 8 reflect a direct contribution by Ser8 to receptor binding. However, in view of the peculiar position of this residue between the two toxin loops and despite the high resolution of the two structures, we cannot exclude the possibility that small and undetected structural changes have occurred upon mutation and might be responsible for the observed affnity decreases.
In the frame of the hypothesis of a functional role for Ser8 it is interesting to note that the low B-factor water molecule observed near Gly8 (Fig. 3B ) might partially restore a hydrogen bond that could occur between AchR and Og Ser8. This water molecule (B = 0.13 nm 2 ), is sitting near the position occupied by the Og of Ser8 in the wild type (the H 2 O± Og distance is 0.09 nm). It simultaneously binds to the peptide nitrogen atom of Ile37, the carbonyl oxygen atom of Thr35 and another water molecule. In the S8T mutant, the Thr8 methyl g might hinder binding to the AchR by steric hindrance on the convex face (Fig. 4) and cause the observed larger affinity decrease.
The major part of the Ea toxic site, as identified by a mutional analysis, forms a convex surface at the tips of loops I, II and III [6] . All the residues except Ser8 (Gln7, Gln10, Lys27, Trp29, Asp31, Arg33, Ile36, Glu38, Lys47) have long sidechains largely exposed to solvent and are conformationally free. As commonly observed, the X-ray structures of Ea and Eb, for which the unit cells differ, show different conformations for q FEBS 2000 some of these residues as a result of crystal packing. They slightly adjust themselves to the contact surfaces, as they might do when they bind the AchR surface. To the contrary, Ser8 presents a low accessible area in the bottom of the groove between the tip of loop I and loop II, and has a short side-chain with a low B-factor and degree of freedom. The area around Ser8 might constitute a close-fitting area of contact with a receptor zone, locally sensitive to weak variation of the toxin surface topology. The Ser8 neighborhood is mostly hydrophilic and comprises several hydrogen bond donors or acceptors, the Ser9 Og, the Ser9 nitrogen atom and the Thr35 carbonyl oxygen atom, which point toward the solvent near Ser8 and could interact with AchR.
We wish to speculate that a S8V mutation would induce a similar extensive decrease in affinity for the AchR receptor. One methyl group of the valine would be at the same location as that of threonine whereas the other site would prevent any hydrogen bond from the site of the native serine hydroxyl group. Of course, we cannot completely exclude that a weak modification of the structure, induced by the mutation, may lead to the decreases in affinity. To definitely resolve this question the crystal structure of a toxin±receptor complex needs to be determined.
In conclusion, we have shown that the Ea S8T and Ea S8G mutants conserve the native Ea structure. We propose that Ser8, although buried and located on the convex face of the toxin, interacts directly with the AchR, which would suggest that the hydroxyl group of Ser8 is making a functionally important hydrogen bond with an acceptor from the receptor. The invariance of this residue through the short neurotoxin class may reflect the conservation of this mode of association with AchR.
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